In this work, two specific, sensitive, and rapid analytical methods were developed. One of them was for the determination of ketorolac in a hospital wastewater treatment plant where there is no interference with other organic substances; the other one was for the determination of the degradation kinetics in aqueous medium. Ketorolac was extracted from wastewater samples through solid-phase extraction (SPE) cartridges, then it was identified and quantified by high-performance liquid chromatography (HPLC). Ketorolac was detected in concentrations between 0.1376 and 0.2667 μg/L. Photolytic degradation was performed on aqueous solutions of ketorolac tromethamine reference substance, at a concentration of 50 μg/mL. Samples were in direct contact with ultraviolet light in a dark chamber, equipped with two mercury lamps (254 nm) at a radiation source of 15 W. The results of the photolytic degradation were adjusted to a first-order model, obtaining a half-life of 4.8 hrs.
Introduction
Ketorolac is a drug that has analgesic, anti-inflammatory, and antipyretic properties and is indicated in the shortterm treatment of mild to moderate pain postoperatively and in musculoskeletal trauma, in addition to pain caused by nephritic colic. This drug is contraindicated when the patient has active gastroduodenal ulcer, gastrointestinal bleeding, in patients with moderate or severe renal impairment [1] .
The analgesic activity of ketorolac is due to the elimination of formation of prostaglandins, through the inhibition of the enzyme prostaglandin system [1] . The chemical structure of ketorolac is shown in Figure 1 .
Ketorolac is metabolized by hydroxylation and conjugation with glucuronic acid. The renal route is the primary route of excretion of both the drug and its metabolites, which is approximately 92% of the dose, about 40% as metabolites and 60% as ketorolac. Approximately 6% of the dose is excreted in feces [2] .
Data obtained in a study to determine the toxic effects of ketorolac on Cyprinus carpio, Galar-Martínez and collaborators in 2014, concluded that ketorolac in a concentration range of 1 to 60 mg/L caused oxidative stress and cytotoxicity, specifically in the liver, brain, and blood.
Different authors indicate that the wastewater treatment plants do not remove the drugs in their entirety, because they do not have unitary operations that devote their process to the removal or elimination of drugs, since they depend on the physicochemical properties of each substance for which, in some cases, a decrease in the quantity of drugs after treatment barely persists [3] [4] [5] .
Several studies have determined the presence of ketorolac in different matrices. [5, 6] .
Because drug concentrations in wastewater are in the order of μg/L and in some cases ng/L, the use of highperformance liquid chromatography coupled to a mass spectrometry detector is very common, which is significantly more sensitive than spectrophotometry detectors, but has the disadvantage that it is more expensive. However, the methodology presented in this research uses UV spectrophotometry detection, and a suitable sensitivity has been demonstrated by validation that can allow the quantification of ketorolac in wastewater in a less expensive way and can be replicated in other laboratories that do not have a mass spectrometry detector.
The objective of this work is to develop and validate analytical methodologies by high-resolution liquid chromatography for the quantification of ketorolac in wastewater of a hospital treatment plant and a second methodology that is capable of separating and quantifying ketorolac in solution and that can be used for the determination of the kinetics of photolytic degradation, and thus determine the persistence of ketorolac in the effluent of a hospital treatment plant.
Methodology
2.1. Materials and Instruments. Sigma-Aldrich® ketorolac tromethamine reference substance was used, formic acid of the brand Fermont® 88% analytical reagent grade. The Fermont brand chromatographic grade methanol and the water used were HPLC grade from the Millipore® Milli-Q brand purification equipment, and the cartridges used for solid-phase extraction (SPE) were Sep-Pak®, vac 6 cc (1 g) C18, corresponding to the Waters® brand.
The high-performance liquid chromatography equipment used for the development and validation of analytical methods was Waters brand and consisted of a model 1525 pump, a model 717 automatic injector system, and a model 2487 dual wave spectrophotometric detector. The software controller of the chromatographic system was Waters Breeze®.
Analytical Methodology
2.2.1. Quantification of Ketorolac in Wastewater. The reference solutions and samples used are of a concentration of 10 μg/mL of ketorolac, using ketorolac tromethamine reference substance, which is dissolved in chromatographic grade methanol.
The mobile phase is a mixture of methanol with acidified water in a ratio of 60% : 40% v/v. The acidified water is prepared by the dilution of 5.6 mL of 88% formic acid brought to 1000 mL capacity with Milli-Q water.
Validation of the methodology and analysis of the samples were carried out under the following chromatographic conditions: the column used is an Agilent® Zorbax SB C8 brand of 250 × 4.6 mm with a particle size of 5 μm, flow velocity of 1.0 mL/min, and injection volume of 20 μL at a wavelength for detection of 318 nm.
The samples from the hospital treatment plant were extracted by SPE; the cartridges were previously conditioned with 5 mL of methanol chromatographic grade and later with 5 mL of Milli-Q water. The extraction was carried out to 250 mL of residual water, at the end, washing was performed with 10 mL of Milli-Q water. The elution of the sample was performed with 5 mL of methanol chromatographic grade. This solution was injected into the liquid chromatograph under the above-described conditions and quantified by comparing the external standard of 10 μg/mL of ketorolac.
Ketorolac Determination in Aqueous Solution.
The reference solutions and samples used are of a concentration of 50 μg/mL of ketorolac, using ketorolac tromethamine reference substance, which is dissolved in Milli-Q water.
The mobile phase is a mixture of methanol with acidified water in a 50% : 50% v/v ratio. The acidified water is prepared by the dilution of 5.6 mL of 88% formic acid and brought to 1000 mL capacity with Milli-Q water.
Validation of the methodology and analysis of the samples were carried out under the following chromatographic conditions: the column used is an Agilent Zorbax SB C8 brand of 250 × 4.6 mm with a particle size of 5 μm; flow rate of 1.5 mL/min; the injection volume of 20 μL at a wavelength for detection of 323 nm.
2.2.3.
Validation of the Analytical Method. The analytical methodologies were validated based on the guide for the validation of analytical methods of the International Conference on Harmonization (ICH) determining the parameters of specificity, suitability, system accuracy, system linearity, method linearity, repeatibility, detection, and quantification limits [7] .
The evaluation of the specificity was carried out by means of the injection, under the previously described conditions, from different samples that could interfere with the ketorolac analytical signal. These injected samples belong to a target, reference solution, and forced degradations by stress conditions of the reference solutions (acid, basic, and photolytic degradation).
A sixfold injection of a ketorolac reference solution determined the suitability of the system. The calculation of the chromatographic parameters was performed using the Breeze liquid chromatograph software.
The determination of linearity of the system was performed by analyzing 8 levels of ketorolac reference concentration (by triplicate), corresponding to 10% to 400% 
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International Journal of Photoenergy of the working concentration (10 μg/mL for the residual water quantification and 50 μg/mL for determination of photolytic degradation). The slope, ordered to the origin, and coefficient of determination by linear regression were calculated, in addition to the calculation of confidence interval for the slope (IC β1 ). The precision parameter was performed at three levels: system, repeatability, and intermediate accuracy. The evaluation of the precision of the system was carried out by the injection of 6 reference solutions of ketorolac at work concentration, coming from the same stock, calculating the average, standard deviation, and coefficient of variation.
The determination of the repeatability was performed by independently preparing a sixfold solution of ketorolac at the working concentration, for its subsequent quantification with the comparison with an external standard, determining the percentage of recovery, the average recovery rate of the six solutions, the standard deviation, and the coefficient of variation.
Intermediate precision was evaluated by quantifying 3 samples containing the working concentration; the analysis was carried out by 2 analysts on two different days (n = 12). The average of recovery, standard deviation, and coefficient of variation was obtained.
Accuracy was determined by calculating the recovery of three levels of ketorolac in triplicate (n = 9), quantification using an external standard, and obtaining the recovery of each of the samples, the mean recovery, the standard deviation, coefficient of variation, and confidence interval for the mean (IC μ ).
The limits of detection and quantification were determined by performing a calibration curve at three levels of concentration. Subsequently, the slope, ordered to the origin, standard deviation of the regression, and coefficient of determination were calculated, all by linear regression.
Quantification of Wastewater
Samples from the Treatment Plant. The samples were taken in a timely manner from a wastewater treatment plant of a hospital located in the city of Toluca, in the state of Mexico, Mexico. The samples were refrigerated immediately after being taken for further processing by SPE using the methodology indicated above.
Photolytic Degradation Kinetics.
The system for the determination of degradation kinetics consists mainly of the following components: a quartz cell placed on a stirring grid that contains the sample and allows the flow 3 International Journal of Photoenergy of radiation, a recirculating water bath keeping the cell at a constant temperature, and a source of UV radiation from a mercury lamp at 254 nm. These components were inside a glass tank lined with black polyethylene that prevents reflection of the radiation. Figure 2 shows the scheme for the photolytic degradation.
For the experimentation, 100 mL of a solution of ketorolac in water with a concentration of 50 μg/mL (2.0 × 10 −4 mol/L approx.) was placed inside the reaction cell and initiated the radiation, keeping the temperature of the cell at 18°C. Samples of 2 mL of the ketorolac solution were taken at different times. Subsequently, each sample was placed inside vials for analysis by HPLC under the conditions described above. This methodology was carried out in triplicate for each of the radiations. International Journal of Photoenergy different and possible components of the real sample; due to the fact that degradation products were not available in pure way, forced degradations were carried out on a solution of reference substance of ketorolac. In Figures 3 and 4 , the chromatograms obtained for the determination of degradation products can be observed. In the case of the methodology for the quantification of ketorolac in wastewater, the chromatograms are shown in Figures 5 and 6 . During the determination of the suitability of the system, a sixfold reference solution was injected under the described conditions, checking the retention time, area under the curve, theoretical plates, capacity factor, and collection The results obtained in the precision parameter for quantification of ketorolac in residual water are shown in Table 2 .
Results and Discussion
The results obtained in the precision parameter for quantification of ketorolac and degradation products are shown in Table 3 .
The linearity was evaluated at 8 levels of concentration and in the two methodologies with a coefficient of determination > 0.98. Table 4 shows the results obtained for the linearity of the system. The accuracy of the method was determined by quantifying added water with an exact amount of ketorolac at three concentration levels, by triplicate each.
In the case of the determination of ketorolac in residual water, the levels of 40%, 100%, and 400% were evaluated. The results are shown in Table 5 , and in all samples analyzed, a recovery between 98.0% and 102.5% is obtained, obtaining a global average (n = 9) of 100.0%, with a coefficient of variation of 1.8%.
Graphing the data added quantity versus quantity recovered gives a coefficient of determination of 0.999 and slope of 0.9931, and the ordinate to the origin passes through zero (Figure 9 ).
The accuracy results obtained for ketorolac and degradation products are shown in Table 6 ; all recovery results are between 98.0% and 101.2%, with a global mean (n = 9) of 99.8% and a coefficient of variation of 1.1%. By plotting the added concentration versus concentration recovered (Figure 10 ), a coefficient of determination (R 2 ) of 0.9993 was obtained as well as a slope of 0.9973, and an ordinate to the origin is near zero.
The limit of detection and quantification for both methodologies was determined by analyzing a standard curve at low concentration levels.
For the quantification of ketorolac in residual water, the limit of detection and quantification were 0.00934 μg/mL and 0.02832 μg/mL, respectively, and R 2 was 0.998. The calibration curve obtained during the determination is shown in Figure 11 . Figure 12 shows the curve obtained for the limit of detection and quantification in the methodology for the determination of ketorolac in the presence of its degradation products, which obtained a coefficient of determination of 0.99998. The calculated limit of detection was 0.00283 μg/mL, while the quantification limit was 0.00859 μg/mL. Table 7 ; each sample was analyzed by triplicate.
Quantification of Ketorolac in

Photolytic Degradation Kinetics.
The results obtained by the high-resolution liquid chromatography analysis on the samples generated in photolytic degradation with UV radiation are shown in Table 8 .
These results, concentration (mol/L) with respect to time (h), can be observed in Figure 13 .
With the data obtained in Table 8 , calculations were made for the determination of the order of reaction according to the equations indicated by Fogler. Slope, ordered to the origin, and coefficient of determination (R 2 ) were determined in each of the reaction orders. The results are shown in Table 9 .
As seen in Table 9 , the order of reaction 1 or first order has the highest determination coefficient with respect to the others; doing a study of residuals, it is observed that there is no marked tendency. International Journal of Photoenergy Figure 14 shows the first-order kinetics, as mentioned above. This is the model that best fits the data obtained by both coefficient of determination and study of residuals. The plot of residuals for the first-order kinetics for UV photolytic degradation of ketorolac is shown in Figure 15 .
The results obtained during the validation process show that there are two methodologies, one for the quantification of ketorolac in residual water and another for the quantification of ketorolac and the presence of its photolytic degradation products, which are accurate and precise, with a limit of detection and quantification low enough to be able to identify and quantify the samples from hospital wastewater that was analyzed.
As observed in the chromatograms obtained in the specificity tests, there is no interference by the matrix or degradation products in the quantification of ketorolac; this can be due to two causes: the first is that there is a good separation between the ketorolac peak and the other components of the sample due to a good selection of the chromatographic conditions and the second is the working wavelength in the detector, since while most organic compounds have their maximum absorption in the region of the spectrum of 200 nm to about 260 nm, the ketorolac under these working conditions had its maximum at 323 nm and 318 nm, respectively.
The quantification of samples obtained from the effluent from the wastewater treatment plant from a hospital, after being treated by SPE, is as follows: an average concentration of 0.2117 μg/L was obtained, with a CV of 22.3%, which can be considered high and may be due to the type of point sampling and the treatment that was performed, which causes a wide variation.
The results of quantification of ketorolac in wastewater shows that it can be used for this purpose; it is true that liquid chromatography coupled to mass spectrometry detector systems are the most used for this type of application because of their greater sensitivity and more specialized handling; nevertheless, it represents higher costs. That is why, the methodology proposed in this research uses a spectrophotometry detector which is cheaper and widely used; with the results obtained, the samples can be considered as an option in the quantification of traces of ketorolac in residual water.
When the data were obtained during photolytic degradation with UV radiation, it was determined that this kinetics is of the first order, so that the data conform to 1 [8] , since the 
By deducing from the above equation, we can obtain the average half-life for UV radiation which is 4.8 hours. 
Conclusions
Two analytical methodologies were obtained for the quantification of ketorolac, the first for its quantification in residual water and the second for the determination of its photolytic degradation products. In both cases, it is guaranteed that the results obtained by these methodologies are reliable because they comply completely with the validation parameters studied. The quantification of ketorolac in residual water of a wastewater treatment plant of a hospital located in the city of Toluca, Mexico, was carried out, resulting in an average concentration of 0.2117 μg/L.
Photolytic degradation kinetics studies for ketorolac show that it is of the first order with a half-life of 4.8 hours for degradation with UV radiation.
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